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Abstract 
Nanocrystalline cobalt (Co) has been developed as an environmental alternative to replace hard chromium due to its higher cathode 
efficiency and corrosion resistance properties. This study aims to determine the corrosion behaviour, mechanical and magnetic properties 
of Co coatings. Nanocrystalline Cobalt (Co) coatings were synthesized by electrodeposition technique. The electrodeposition technique 
was applied in different pH of 3, 5 and 7, respectively. The Co coatings were deposited on stainless steel substrate at 50oC and the 
deposition was performed at current density of 0.145 A/cm2. The Co coatings are identified as hexagonal close packed phase. The 
crystallite sizes of pure Co calculated using Scherrer formula are between 30.1 nm to 50.1 nm. FESEM micrograph reveals that the 
nanoparticles are irregular and almost spherical in shape. From the FESEM results, average grain size of Co coating prepared at pH 3 is 
smaller compared to the others. Besides, this coating exhibits the highest hardness (240 HV) and performs the smallest corrosion rate. The 
magnetic result shows the Co coating prepared at pH 3 exhibit low coercivity and high saturation magnetization. It is found that the effect 
of pH parameter in Co coatings plays an important role to obtain better hardness, corrosion behavior and magnetic properties. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Centre of 
Humanoid Robots and Bio-Sensor (HuRoBs), Faculty of Mechanical Engineering, Universiti Teknologi MARA. 
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1. Introduction  
Nanocrystalline are defined as polycrystals with a grain size of typically less than 100 nm [1]. The properties of 
nanocrystalline materials are superior to those of conventional coarser polycrystalline grain counterparts. Nanocrystalline 
materials can be made by numerous synthesis methods [2]. Electrodeposition has been recognized as a technologically 
feasible and economically superior technique for production of nanocrystalline materials [3]. More researchers realize that 
the control of material structure on the nanometer scale is the key to unique properties [4]. The structural parameters such as 
crystal phase, grain size, phase composition, and many others are strongly dependent on deposition parameters. These 
process parameters are pH solution, time deposition, current density, and amount of additives included in the electrolyte [4]. 
It is important to investigate the correlation between plating conditions and the coating structure before we discover the 
properties of final product such as mechanical, corrosion and magnetic properties [5]. 
The nanocrystalline cobalt (Co) has attracted an increasing attention mainly due to their excellent properties especially 
for critical applications in defence and industry [6]. Nanocrystalline Co considerably increases the hardness, thermal 
stability and corrosion resistance of electrodeposited metal protective coatings [7].  In many engineering applications, 
surface coatings are used to increase the lifetime of components exposed to corrosion condition [8]. In recent years, there 
 
 
* Corresponding author. Tel.: +6-03-55436459; fax: +6-03-55435160. 
E-mail address: hyie1105@yahoo.com 
Available online at www.sciencedirect.com
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
1628   Koay Mei Hyie et al. /  Procedia Engineering  41 ( 2012 )  1627 – 1633 
 
has been considerable interest in understanding the corrosion resistance of nanocrystalline metals produced by 
electrodeposition. The cost of the metallic corrosion still remains an important problem for these industries applications [9].  
Despite the substantial corrosion data on the iron groups (Fe, Ni, and Co) available in the literature, a general survey 
indicates that the corrosion properties of cobalt have been less investigated than iron and nickel [10]. Considering the 
relative lack of corrosion data and the increasing commercial importance of cobalt, the present investigation is conducted. 
Co also has a high potential in the micro-electronics application and sensor technology because of its excellent magnetic 
properties [11]. Co has been shown to possess good magnetic properties with high saturation magnetization [12] and good 
thermal stability [13, 14]. A number of researches have been done to study the influence of pH solutions on the final 
product. Generally, a change of pH solution may affect the magnetic behaviour of the final product [15]. It becomes more 
difficult to produce the materials in order to meet the required magnetic properties. Hence, the objective of the present study 
is to synthesize Co coatings by electrodeposition in different pH solutions. The effect of pH on the properties of Co coatings 
is reported. 
2. Methodology 
Nanocrystalline Co coatings were prepared by electrodeposition from a sulphate bath. The electrolyte solutions used in 
this synthesis process were mixtures of 0.075 M CoSO4, 0.04 M H3BO3 and 0.01 M saccharin. Boric acid was added as pH 
buffer and saccharine was used as a grain refinement agent. Stainless steel and graphite were used as cathode and anode, 
respectively. The stainless steel substrate was first mechanically polished using SiC abrasive paper up to 1200 grit to 
remove surface contamination. The plating bath was constantly stirred using a magnetic stirrer to ensure proper mixing of 
the electrolyte solution. The temperature of the electrolyte was controlled at 50±5oC while the current density was 
maintained at 0.145 A/cm2. In this experiment, Co coatings were prepared in three different pH solutions, which were 3, 5 
and 7, respectively. After 2 hours, the coatings were removed from the cell, rinsed with distilled water and dried at room 
temperature in air. 
Crystallographic structures of the Co coatings were investigated using Ultima IV FD 3668N, X-ray Diffractometer 
(XRD) with Cu-Ka (λ= 0.7093 Ǡ) radiation. Structural and morphological characterizations were performed using Carl 
Zeiss SMT Field Emission Scanning Electron Microscope (FESEM) and the elemental compositions were analyzed using 
INCA Energy Dispersive X-Ray Spectrometry (EDX). Corrosion behaviour and hardness of the films were measured by 
using GAMRY, Potentiodynamic Polarization and MITUTOYO MVK-H1 Vickers Microhardness, respectively. The 
magnetic properties of electrodeposited coatings were measured using an AGM Model 2900, Alternating Gradient 
Magnetometer. 
3. Results and Discussion 
3.1. Phase and Crystallographic Structure 
XRD measurements of Co coatings were carried out from 300 to 1000 2θ angle. Co peaks are only found in the  Co 
coatings XRD pattern. The reflection patterns indicate that the Co coatings have hexagonal close packed (HCP) structure. 
Fig. 1 shows XRD patterns of Co coatings with three different pH values of 3, 5 and 7. The ICDD diffraction data cards for 
JCPDS file No. of cobalt is 01-1254. The samples reveal characteristic peaks corresponding to (110), (002), (101), (220), 
(110) and (200) at 2θ angle of about 41.6o, 44.6o, 47.5o, 50.7o, 74.7o, 75.9o and 90.5o. 
As shown in Fig. 1 below, the number of Co peaks is increased with the addition of pH solution.  There is no (200) peak 
was indicated in the sample fabricated at pH 3. This is believed that the atoms are not completely formed the coatings and 
therefore cause the reduction in number of Co coating peaks [16]. The increment of Co peaks indicates that Co coating is 
completely formed in pH 5 and pH 7. However, the sample prepared at pH 7 shows higher crystallinity as the peak intensity 
is higher.  
The XRD peaks of Co coating prepared at pH 3 are broader than the coating prepared at pH 5 and pH 7 due to the 
smaller crystallite size of the Co coating prepared at pH 3. Co coating prepared at pH 7 shows the narrow width of the 
peaks. The decrease of peak width is attributed to the larger crystallite size. The crystallite size can be calculated using the 
Debye Scherrer’s equation [17]. From the XRD results, the crystallite size of Co coatings for pH 3, 5 and 7 are 31.0 nm, 
43.4 nm and 50.1 nm, respectively. It can be noted that crystallite size is increased with the addition of pH solution. 
Hydrogen ions interfered at reduction of cobalt ions in acidic solutions. At higher pH values, reduction rate of cobalt ions is 
faster and thus results in more agglomeration [18].  
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Fig. 1. XRD patterns for pure Co grown on stainless steel substrates. 
3.2. Elemental Composition 
 
The elemental compositions of Co coatings are determined using EDX. The EDX results are tabulated in Table 1. The 
spectrum confirms the presence of cobalt (Co), oxygen (O) and small amount of carbon (C) in all coatings. Element of Co 
shows the increasing amount of weight % when the pH solutions are changing from 3 to 5 and followed by pH 7. It has been 
proven by XRD patterns where the Co peaks are the most for the sample prepared at pH 7. Meanwhile, the element of O 
shows the decrement with the increasing of pH values. Oxidation is less favorable at acidic solution compared to neutral 
solution. The samples are kept in ambient condition so formation of cobalt oxide is not surprising. The carbon was found 
unexpectedly in the coating prepared at pH 3 and 5. However, the precursors of the specimen do not have any carbon 
content. This may be due to carbon tape that was used during sample preparation, which is also reported in other research 
work [19].  
Table 1.  Elemental composition of pure cobalt coating prepared at different pH. 
pH 3 5 7 
 
Element 
Weight % Weight % Weight % 
Co 79.71 84.2 92.69 
O 16.09 12.03 22.52 
C 4.21 3.77 - 
 
3.3. Surface Morphology and Microhardness 
 
Structural and morphological characterizations of Co coatings were studied using FESEM. The microstructures in each 
coating are consisted of irregular shapes. Fig. 2 shows the grain structures of Co coatings at three different pH values. It can 
be observed that the Co coating prepared at pH 3 has smaller granules. The atoms are located and close together with the 
other atoms. Thus, the smaller atoms size has met the grain boundaries and produce compacted structure [16]. Therefore, Co 
coating prepared at pH 3 presents the smaller grain size and least agglomerate. The electrodeposition mobility of the ions 
was probably lower at pH 3, which led to poor deposition rates and reduces the agglomeration [20]. While, Co coating 
prepared in pH 7 shows more agglomerates and the grains size are bigger. Some agglomerates have more than 100 nm size 
as shown in Fig. 2. It can be concluded that the deposition rate helps in producing many agglomerates. Higher pH promotes 
agglomeration and larger particles formation [20].  
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Fig. 2. FESEM micrographs of cobalt coatings. 
 
The average grain sizes for all Co coatings measured from FESEM micrographs are between 83 nm to 156 nm (as shown 
in Fig.3). The grain size of Co coating in pH 3 is the smallest as it is proven in XRD results. Smaller grain size is due to the 
presence of greater number of grain boundaries [3]. The higher proportion of boundary atoms in the grain boundaries 
compared to those inside the grains has cause the reduction in grain size [16]. The grain size of coatings prepared at pH 5 
and 7 are larger and tends to be agglomerated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Graph of microhardness and grain size versus pH solutions. 
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The microhardness of all Co coating is shown in Fig. 3. The microhardness measurements were taken from the average 
of ten measurements using the 1 kgm load. The average microhardness of the Co coating prepared at pH 3 is found to be the 
highest due to the smaller grain size. It is well known that hardness of a material is usually better if its grain size is smaller 
[3]. Moreover, the hardness increment is also affected with the grains structure compaction in the coatings. In FESEM 
results as shown in Fig. 2, it is observed that the Co coating prepared at pH 3 is more compact and hence results in higher 
hardness. 
3.4. Potentiodynamic Polarization Study 
The corrosion performance of the Co coatings was studied in 0.25 M NaSO4 electrolyte. The testing was conducted at the 
pH 4±0.5 in room temperature. Potentiodynamic polarization tests were then conducted by stepping the potential at a scan 
rate of 5.0 mV/s, starting from −1000 mV to 800 mV versus Saturated Calomel reference electrode (SCE). A standard 
corrosion cell contains working electrode, graphite counter electrode and SCE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Potentiodynamic polarization curves obtained from electrodeposited Co at different pH. 
 
The graph exhibits active dissolution without any distinctive transition. In Fig. 4, corrosion potential (Ecorr) are 
decreased with increment of pH. Nanocrystalline Co coating shows active behaviour regardless of pH effect. The Ecorr 
value of Co coating prepared at pH 3 shows more cathodic potential than the coatings prepared at pH 5 and 7. The cathodic 
shift of the coating may be due to the microstructural differences such as interfaces volume fraction, particles homogenous 
distribution and smaller grain size [21].  
 
Table 2. Ecorr and corrosion rate of Co coatings at different pH. 
pH Ecorr, 
mV(SCE) 
Corrosion Rate 
(mpy) 
3 -734 33.46 
5 -609 49.92 
7 -593 134.3 
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From Table 2, Co coating in pH 3 exhibits lower corrosion rate than coatings at pH 5 and 7. Badawy et al. [22] studied 
the anodic polarization of the conventional cobalt in acidic, neutral and alkaline solutions. They considered that in acidic 
solutions, the passive film is unstable and hence higher corrosion rates were recorded. Besides, the corrosion rate of Co 
coating decreases gradually when the grain size is reduced [23].  
 
3.5. Magnetic Properties 
 
The magnetic properties of Co coatings at different pH are presented by M-H loops as shown in Fig. 5. The magnetic 
properties were measured by AGM analysis at room temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. M-H hysteresis loops of Co coatings prepared at various pH. 
 
According to the Fig. 5, all the Co coatings in the M-H curve pass the origin of the graph with hysteresis loops. The 
curve for coating prepared at pH 3 displays slight hysteresis area and exhibits soft ferromagnetic behavior. While for Co 
coatings prepared at pH 5 and 7 show the superparamagnetic behavior with the very tiny or none hysteresis area.  It can be 
noted that the loop squareness becomes smaller with increasing of pH. The saturation magnetization (Ms) values of Co 
coatings are increased with the decrement of pH as shown in Table 3.  
 
Table 3. Magnetic properties of Co coatings in different pH. 
pH Saturation Magnetization, Ms 
(emu/g) 
Coercivity, Hc 
(Oe) 
3 34.06 24.51 
5 14.21 58.91 
7 8.12 59.48 
 
The coercivity (Hc) value is increased with addition of pH. Co coating prepared at pH 3 shows lower coercivity of 24.51 
Oe, if compared to other pH. Generally, the coercivity is highly affected by the particle size of coatings [24]. It can be seen 
that the coercivity increases with addition of pH due to higher crystallinity. Thus, it should also be noted that different 
material properties such as crystal structure, morphology, and grain size could be the reason to affect the coercivity of a 
magnetic coating [25]. 
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4. Conclusion 
Nanocrystalline Co coatings are successfully prepared by electrodeposition process in various pH solutions. The average 
grain sizes of Co coatings are ranging from 83 nm to 156 nm and consistent with the XRD results. Morphology studies 
reveal that the grains structure of Co coatings consists of irregular shapes. The crystallite size is found increased with the 
increment of pH. The grains tend to agglomerate at higher pH values. The average microhardness of the Co coating is found 
to be higher when its grain size is smaller. The hardness increment is affected with the grains compaction in the coatings as 
proven in the FESEM results. The potentiodynamic polarization shows that the Co coating prepared at pH 3 displays active 
behaviour and exhibits the lowest corrosion rate. The Co coating prepared at pH 3 also shows the lowest coercivity but 
higher magnetization saturation. This combination of high saturation and low coercivity makes the Co coating very suitable 
to be used as write head materials for future areal density magnetic recording media [26]. It is concluded that pH plays an 
important role in influencing the grain size of Co nano-coating. The corrosion, hardness and magnetic properties are 
strongly affected by the grain size. Therefore, it is crucial to select the optimum pH solution to obtain smaller grain size and 
thus enhancing the properties of nanocrystalline pure Co coating.  
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